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Abstract 
Efficient and economical conversion of lignocellulosic biomass to biofuels is 
often hampered by the chemical recalcitrance of the material . Inexpensive and 
environmentally-friendly pretreatment processes are therefore desirable in order to lower 
the cost ofbiofuel production and minimize negative environmental impacts. To that 
end, we have explored the use of a naturally occurring white-rot fungus, Trametes 
versicolor, as a direct pretreatment agent for hardwood destined for biofuel applications. 
Specifically, we examined the pretreatment effects on the hardwood mixture after 
treatment with the wild-type strain of T. versicolor (52J) compared with those from a 
cellobiose dehydrogenase (CDH)-deficient strain (m4D),  to examine how a lack of CDH 
affects wood pretreatment. The effects of each strain of T. versicolor on the 
lignocellulose chemistry within the wood were examined after 1 2  weeks of incubation, as 
well as the physicochemical properties (pellet strength and energy content) . At the 
laboratory scale, pretreatment with the mutant strain showed altered lignin structure and 
improved sugar yields, while the wild-type strain led to substantially increased pellet 
strength without impeding the overall energy content of the pellets . However, at the 
demonstration scale ( 1 50 L), the wild-type strain did not alter pellet strength, despite 
similar lignin extraction characteristics, glucose content, and energy content when 
compared to the laboratory scale. Therefore, further research will need to be conducted at 
the laboratory and demonstration scales to investigate how this fungus alters the structure 
of lignocellulose at the biochemical level (e.g . ,  transcriptomic analysis) , and how fungal 
pretreatment may affect other biofuel technologies, such as biomass gasification. 
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1. Introduction 
Liquid biofuels are typically created from carbohydrate or the lipid fraction of a 
plant, which are termed first generation biofuels, in order create energy-rich molecules 
that can be combusted to produce energy. These first generation biofuels are derived from 
fermenting starch into ethanol and by the transesterification of plant oils, which creates 
bioethanol and biodiesels, respectively. However, since these fuels are derived from 
food-based plant materials that can be used for human consumption, a "food vs fuel" 
conflict is arising between our energy expenditure needs and nutritional needs for the 
increasing world population (Sindhu et al . ,  20 1 6) .  The United States and the European 
Union have been experiencing this clash due to the diversion of corn for ethanol 
production and rapeseed oil for biodiesel production, respectively (Foust et al. ,  2009; 
Gonzales et al . ,  20 1 3) .  Therefore, due the limitations of first generation biofuel meeting 
energy demands without impacting the food suply, greater emphasis has been placed on 
second generation liquid biofuels and direct thermochemical conversion via pyrolysis or 
gasification of non-food plant polymers, such as lignocellulose (Bahng et al . ,  2009) . 
Second generation biofuels are produced from lignocellulosic (non-starch) 
feedstocks like grasses (e.g. , Miscanthus, switchgrass), agricultural residues (e.g. ,  corn 
stover, canola straw), and forest biomass (e.g. ,  wood, forest residues) . Due to the 
widespread availability of lignocellulosic feedstocks, which are estimated to have an 
annual production of 1 x 1 010 MT worldwide (Sanchez and Cardona, 2008) ,  the U.S .  
Environmental Protection Agency (EPA) has set ambitious lignocellulosic biofuel 
production targets that reach up to 1 6  billion gallons for the year 2022 (US EPA, 20 1 5) .  
However, even though lignocellulose is abundant and inexpensive, efficient and 
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economical conversion of lignocellulosic biomass to biofuels is hampered by the 
chemical recalcitrance of the material (Can.am et al . ,  20 1 3b) . 
Lignocellulose is composed of three main components that are tightly inter­
connected with each other: cellulose (crystalline glucose homopolymer), hemicellulose (a 
complex carbohydrate heteropolymer), and lignin (a complex aromatic heteropolymer) 
(Figure l )(Canam et al. 20 1 3b) . Within lignocellulose, the hemicellulose and particularly 
the lignin fraction act as a substantial chemical barrier to the glucose-rich cellulosic 
material . Thus, enzyme penetration to the cellulose, that would convert the carbohydrate 
polymer into fermentable glucose monomers, is challenging. This hampered ability to 
efficiently hydrolyze lignocellulose has been combated by research into pretreatment 
technologies that fractions lignocellulose into its various constituents, thereby allowing 
access to the energy rich cellulose for biofuel production. 
The leading pretreatment systems involve various thermochemical or thermo­
mechanical processes, including: milling, pyrolysis, steam explosion (S02-steam 
explosion), AFEX (ammonia fiber explosion), ARP (ammonia recycle percolation) , C02 
explosion, wet oxidation, ozonolysis, organosolv, concentrated acid, dilute acid, lime, 
microwaves, and ionic liquids. Recent reviews have discussed these processes and their 
advantages/disadvantages in greater detail (Agbor et al., 20 1 1 ;  Alvira et al. ,  20 1 0; Conde­
Mejia et al . ,  20 1 2 ;  Elgharbawy et al . ,  20 1 6; Mosier et al. ,  2005 ; Sarkar et al . ,  20 1 2 ;  Sun 
and Cheng, 2002) . Currently, many of these pretreatment processes involve expensive 
corrosion-resistant reactors, produce large amounts of chemical waste, and require 
extensive washing of treated solids in order to remove compounds that are inhibitory to 
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Figure 1. Structure of lignocellulose, including the individual structures of cellulose, 
hemicellulose, and lignin (Rubin, 2008). 
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ethanol-fermenting microorganisms (Wan and Li, 20 1 2) .  So while these pretreatments are 
able to produce significant yields of cellulosic material from the lignocellulose, there still 
remains a heavy cost that is created by these energy intensive processes because of the 
use of expensive enzymes or hazardous chemicals, often under high heat and pressure. 
Consequently, pretreatment remains the most costly step in lignocellulosic biofuel 
production, thereby decreasing its efficiency and marketability on a much larger 
commercialized scales (Mosier et al . ,  2005 ;  Wan and Li, 20 1 2) .  Therefore, inexpensive 
and environmentally-friendly pretreatment alternatives are desirable in order to lower the 
cost ofbiofuel production and minimize negative environmental impacts. 
An alternative to these thermochemical and thermo-mechanical pretreatments is 
. the use of benign biological pretreatment organisms. Biological pretreatment can mitigate 
the severity and cost associated with the current thermochemical and thermo-mechanical 
processes because of the innate ability of various microbial species to deconstruct the 
recalcitrant components of lignocellulosic biomass (Anderson and Akin 2008 ; Canam et 
al . 20 1 1 ;  Canam et al . 20 1 3b; Ray et al . 20 1 0) .  Microorganisms, including white-, brown, 
and soft-rot fungi, and some ruminant bacteria, have the innate ability to deconstruct 
lignocellulosic biomass by using a suite of specialized enzymes as a means to access and 
utilize cellulose as a carbon source (Canam et al . ,  20 1 3b) . Thus, much research has been 
dedicated to identifying these organisms, understanding their deconstruction processes, 
and demonstrating their ability to deconstruct lignocellulose from a variety of substrates. 
For example, examining the microbiota of cow rumens after digestion of various 
forms of biomass (switchgrass, wheat and barley straw, sugar beet pulp) has revealed a 
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plethora of lignocellulose-modifying enzymes utilized by microbes that improve yields of 
fermentable sugars after enzymatic hydrolysis (Chen et al . ,  2007; Hess et al . ,  20 1 1 ;  
Oleskowicz-Popiel et al . ,  20 1 1 ;  Zheng et al . ,  20 1 1 ) .  Even wood-degrading 
basidiomycetes, like white-rot fungi (WRF), have been shown to substantially improve 
cellulose yields for ethanol production and decrease electricity requirements due to their 
innate ability to degrade the lignin faction of the biomass material, which includes :  wood, 
wheat straw, canola straw, rice straw, switchgrass, and com stover (Anderson and Akin, 
2008 ;  Canam et al . ,  20 1 1 ;  Itoh et al . ,  2003 ; Patel et al . ,  2007 ; Talebnia et al . ,  20 1 0; Wan 
and Li, 20 1 0) .  Similarly, brown-rot fungal species, such as Coniophora puteana and 
Postia placenta, have been shown to substantially improve glucose yields of pine after 
enzymatic saccharification, which could completely replace some thermo-mechanical 
pretreatments (Ray et al . ,  20 1 0) .  
However, even though there is a suite of viable microorganisms that have been 
shown to effectively degrade lignocellulose for biofuel production, lignin-degrading 
fungi are particularly adept at degrading specific polymers within lignocellulose. Brown­
rot fungi primarily produce enzymes that specifically degrade cellulose and hemicellulose 
with minimal degradation of lignin, soft-rot fungi specifically degrade plant 
polysaccharides, but WRF equally degrades all three parts of lignocellulose and even 
typically degrades lignin before cellulose (Martinez et al . ,  2008) .  As a result, WRF can be 
considered the most valuable to liquid biofuel production strategies, where lignin 
degradation is the key to cost-effective operation (Eriksson et al . ,  1 990; Kumar et al . ,  
2009; Martinez et al . ,  2005 ; Melo and Kennedy, 1 988) .  
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WRF appeared at the end of the Carboniferous period (-350-300 million years 
ago), with the ability to degrade the lignin component of plant biomass, which 
subsequently contributed to the decline in carbon burial that is responsible for today's 
fossil fuel reserves (Floudas et al . ,  20 1 2 ;  Rittinger, 20 12 ;  Weng and Chapple, 201 0).  
WRF are the largest majority of fungal species that have the ability to degrade all of the 
major lignocellulosic polymers (Canam et al . ,  20 1 3b). They can perform this task through 
producing oxidases (e.g. ,  manganese peroxidase, laccase and cellobiose dehydrogenase 
(CDH)) that break the covalent bond cleavage in lignin and cellulose, hydrolytic 
enzymes (e.g. ,  J3-glucosidase, endo-xylanase, and endo-mannanase) that catalyze the 
cleavage of specific glyosidic bonds, and esterases (e.g. ,  feruloyl esterase and 
glucuronoyl esterase) that cleave covalent bonds between lignin and hemicellulose 
(Canam et al. ,  20 1 3 a) .  These highly specific enzyme cocktails that give WRF the 
capacity to selectively deconstruct lignocellulose have already been exploited in the pulp 
and paper industry for decades, before they were even considered to be useful for 
bioenergy production (Archibald et al . ,  1 997). 
One of the first noted commercialized uses for WRF was in the pulp and paper 
industry, where the lignin-degrading fungi were noted for their impressive ability to 
brighten and soften the kraft pulp derived from hardwoods (Kirk and Yang, 1 979). This 
ability to brighten and soften wood without harmful chemicals has been a major focus in 
research because of the substantial decrease in costs and environmental impacts 
associated with paper mill operations (Kirk and Yang, 1 979). Additionally, fungal 
treatment of kraft pulp with WRF could replace one or more stages in the more 
conventional kraft pulp bleaching process (Archibald et al. ,  1 997). This process of 
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"biopulping" and "biobleaching" the kraft pulp has been developed further and many 
well-known WRF , such as Trametes versicolor (also known as Corio/us versicolor) and 
Phanerochaete chrysosporium, have been extensively studied for their ability to aid in 
those processes (Singh et al . ,  20 1 0) .  Not only have WRF been shown to aid in 
conditioning the kraft-pulp, but the utilization of WRF has been shown to decrease 
energy requirements in pulp production. For example, Akhtar et al . (2000) performed a 
mill-scale evaluation ofpretreating wood for kraft pulp with WRF, and found that the 
biopulping process could save up to 25%-40% in energy expenditures, with a net savings 
of $1 0-26 per ton of pulp produced. Furthermore, research has gone beyond saving 
electricity requirements of mechanical pulp manufacturing, and focused on detoxifying 
the pulp and paper mill wastewater, which is considered the third largest polluter in the 
United States, and is responsible for 50% of the pollution in Canada (Pokhrel and 
Viraraghavan, 2004) . Thus, since WRF have been shown to be applied to biomass on an 
industrially-relevant scale in the pulp manufacturing sector, it is probable that WRF 
pretreatment of lignocellulosic biomass for biofuel production could be a feasible 
endeavor. 
Many species of WRF have been used to demonstrate the ability of a fungal 
pretreatment to decrease the severity parameters associated with lignin removal (e.g. ,  less 
sulfuric acid, acetone loading, and temperature) and decrease energy requirements for 
extracting an increased amount of fermentable glucose from the lignocellulosic biomass 
at the laboratory scale (Anderson and Akin, 2008 ;  Canam et al . ,  20 1 1 ;  Patel et al . ,  2007 ; 
Talebnia et al . ,  20 1 0; Wan and Li, 20 1 0) .  As a result, it is difficult to pick one specific 
WRF species to enhance production of ethanol-based biofuels. Additionally, while it has 
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been previously established that WRF may be more effective for biofuel production due 
to their unique ligninolytic abilities, WRF nevertheless consume some of the cellulosic 
material from lignocellulose that would otherwise be used for ethanol production. Thus, 
there remains a limitation of reduced ethanol yields due to cellulose catabolism while 
using WRF as a biological pretreatment agent for biofuel production. As a result, some 
studies have explored the use of WRF mutants that lack enzymes essential for cellulose 
hydrolysis, which could improve cellulose yields for ethanol fermentation (Akhtar and 
Attridge, 1 993 ; Akin, 1 995 ; Dumonceaux et al . ,  200 1 ;  Eriksson et al . ,  1 990; Lewis Otjen, 
1 987) .  Most of the mutant strains of WRF discussed in these studies were not developed 
in a biofuel production context, and their usefulness can only be extrapolated to the 
bioenergy sector. However, one recent study demonstrated the utility of a WRF strain 
lacking cellobiose dehydrogenase activity at improving the cellulose (glucose) yields and 
subsequent ethanol production after pretreatment of canola straw, in a bioenergy context 
(Canam et al . ,  20 1 1 ) .  
Aside from the recalcitrant nature of  lignocellulosic biomass, there still remains 
hurdles in the mechanical processing side of pretreatment where the biomass must have 
the proper particle size reduction after or before being pretreated and hydrolyzed into 
usable sugars (Agbor et al . ,  20 1 1 ;  da Costa Sousa et al . ,  2009) . For example, even when 
using biological pretreatments to deconstruct wood chips, in order to hydrolyze the 
biomass, it must be ground into particle sizes of around 0 .4-0 .5  mm in order to obtain 
efficient sugar yields (Agbor et al . ,  20 1 1 ;  Itoh et al . ,  2003) .  This could be further 
complicated if pretreatment processes take place in separate facilities than fermentation 
and enzymatic hydrolysis; which could be the case in future "biorefinery" facilities that 
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are an integrated approach of producing a number of value-added co-products along with 
energy from different biomass sources (Canam et al . ,  20 1 3b). 
Thus, before transportation can occur for low-density materials, such as milled 
biomass, the material must be compacted (e.g. ,  briquettes or pellets) to minimize 
expenses associated with their transportation (Gonzales et al . ,  20 1 3 ;  Kaliyan and Morey, 
2009) . However, these densification strategies also have the potential to negatively 
impact the economics ofbiomass-to-bioenergy/bioproduct strategies, as a result of 
additional energy (e.g. , heat) and chemical (e.g . ,  binding agent) requirements (Kaliyan 
and Morey, 2009) . As a result, alternative methods for compaction have been heavily 
researched in the context of direct combustion processes like gasification or pyrolysis 
(Biswas et al . ,  20 1 4) ,  and for lignocellulosic ethanol production (Canam et al . ,  20 1 3b). 
For example, waste algae from a biological wastewater treatment process were recently 
shown to be inexpensive binding agents for the compression of biomass (Thapa et al. ,  
20 1 4) .  Additionally, both canola and Miscanthus straw treated with WRF have been 
shown to produce pellets with increased compaction characteristics and durability (T. 
Canam, unpublished) . 
To this end, since hardwoods are a reliable potential biomass resource for 
commercial scale lignocellulosic biorefineries (Perlack et al. ,  2005), the present study 
explored the efficacy of a WRF, Trametes versicolor, as a biological pretreatment agent 
for a hardwood mixture used as a lignocellulosic feedstock for the production ofbiofuel. 
Specifically, the pretreatment effects on the hardwood mixture after treatment with the 
wild-type strain of T. versicolor (52J) compared with those from a cellobiose 
dehydrogenase (CDH)-deficient strain (m4D) were examined (Canam et al . ,  20 1 1 ;  
9 
Dumonceaux et al . ,  200 1 ) .  The effects of each strain of T. versicolor on the lignocellulose 
structure within the wood were examined, as well as the physicochemical properties 
(pellet strength and energy content) , which are pertinent to the bioenergy industry. 
Additionally, this study also examined the efficacy of using the wild-type strain of 
Trametes versicolor on a demonstration scale to explore if similar bioenergy parameters 
and physicochemical properties of the pretreatment are retained compared to the 
laboratory scale. 
2. Methods 
2.1 Wood Growth and Harvest 
The hardwood mixture used in this study was obtained from Eastern Illinois 
University' s  Renewable Energy Center, which uses wood chips to fuel its biomass 
gasification boiler system. Since the gasification system does not require any specific 
species of hardwood, and only that the hardwood be virgin, the exact mixture of 
hardwood species used in this study was unknown. However, the mixture was known to 
be a 1 00% mixture of virgin hardwood (predominantly oak and ash) that was sourced 
from Foster Brothers Wood Products (Auxvasse, MO) . The particle size of the wood 
chips ranged from 1.5 cm to 4 cm in length and width. 
2. 2 Fungal Growth/Inoculation 
2.2.1 Laboratory Scale 
Trametes versicolor wild-type strain ( 521; ATCC #20869) and the cellobiose 
dehydrogenase deficient strain (m4D; Canam et al . ,  20 1 1 )  were maintained with weekly 
subculturing at 25°C in Petri plates ( 1 00 x 1 5  mm) containing potato dextrose agar 
(PDA) supplemented with an additional 7 .5  g/L of agar to make a denser substrate. After 
1 0  
one week of growth, the fungi were removed from the PDA plates by scraping with a 
spatula. Liquid cultures were prepared by adding the collected fungi to Malt Extract 
broth, at a ratio of 1 0  petri plates of material per one liter of broth. Specifically, large 4 L 
liquid cultures were created by adding the fungus from 40 plates to 1 L of Malt Extract 
broth and blending with a DeLonghi DHB7 1 6  hand mixer using several short bursts of 2-
3 s each. Then, this concentrated blended mixture was added to an additional 3 L of Malt 
Extract broth to create a final 4 L volume, which was mixed with the hand blender by 
using one 2-3 s burst. The liquid cultures were then incubated at 25°C for 4 days at 225 
rpm in a 14 L autoclave bucket. After incubation, the fungi were filtered through a bucket 
filter (75 µm mesh), rinsed with deionized water to remove the Malt Extract broth, and 
re-suspended in 4 L of deionized water to ensure no additional carbon source was added. 
For each replicate, 1 L or approximately 1 80 g of wood chips were heated at 
1 2 1 °C for 3 5  min using an autoclave. The wood chips were then placed into ethanol­
sterilized 3 L polypropylene containers, which had pre-drilled Yi cm holes on two sides 
that were covered with 3M Micropore tape for gas exchange. Each container containing 
wood chips was then inoculated with 1 00 mL of the liquid T. versicolor culture, mixed by 
shaking, sealed tightly, and incubated at 25°C for 12 weeks. 
2.2.2 Demonstration Scale 
The demonstration-scale fungal inoculation only utilized the wild-type strain of T. 
versicolor (52J) . Similar methods compared to the small scale were used for preparing 
the solid state and liquid cultures, except that 1 50 x 1 5  mm Petri plates were utilized for 
creating a liquid culture at a concentration of 25 plates per one liter of Malt Extract broth. 
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For each replicate, 150 L of wood chips were heated at 121°C for 3 5 min using an 
autoclave. The autoclaved wood chips were then added to a 300 L tumbling composter 
container (Lifetime, Model# 60058) that was sterilized using ethanol. Each vessel 
containing the wood chips were then inoculated with four liters of liquid T versicolor 
culture (Figure 2), incubated at approximately 21°C for 12 weeks, and tumbled every 
three days to allow for ample gas exchange. Control groups, untreated wood chips, were 
created by using the same autoclave and sterilization methods, except that nothing was 
added to the containers besides the wood. 
Figure 2. Tumbling composters used as demonstration-scale vessels for fungal 
pretreatment of hardwood with T versicolor strain 52J. 
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2.3 Structural Carbohydrate Analysis 
The fungal-treated and untreated (control) wood chips were milled to pass a 20 
mesh sieve (0 . 85  mm) using a Thomas Wiley® Mini-Mill (Thomas Scientific, 
Swedesboro, NJ) and dried at 1 05°C for 1 6  h. The structural carbohydrates from the dried 
material were hydrolyzed using acid hydrolysis according to Sluiter et al . (2008) .  The 
carbohydrate contents of the hydrolysates were quantified using a System Gold 1 66 
HPLC (Beckman Coulter, Inc. ,  Brea, CA), and an Aminex HPX-87P (300 mm x 7 . 8  mm) 
column (Bio-Rad, Hercules, CA) at 85°C. The mobile phase was 1 00% water at a flow 
rate at 0 .6 mL/min. Sugars were detected using an RI- 1 530  refractive index detector 
(JASCO, Easton, MD) .  
2.4 Lignin Extraction 
Lignin moieties were extracted from the milled biomass (described in section 2 .3)  
using a microscale thioacidolysis procedure (Robinson and Mansfield, 2009) . After 
extraction, 1 00 µL of the lignin moieties (in methylene chloride) was added to 1 00 µL of 
pyridine and 500 µL ofN,0-Bis(trimethylsilyl)trifluoroacetamide and 
trimethylchlorosilane (99 : 1 v/v) for derivitization. The methylsilylated lignin moieties 
were quantified using a Trace 1310 GC (Thermo Scientific, Waltham, MA) equipped 
with a flame ionization detector and a TG-5MS (30 m x 0.25 mm x 0.25 µm) column 
(Thermo Scientific) . The GC oven settings were 1 30°C for 3 min, 3°C/min to 250°C, and 
5 min hold. The inlet and detector were set at 250°C with a carrier gas (N2) flow of 1 .3 
mL/min. Samples were injected at 2 µL under splitless conditions. Lignin peaks were 
identified as per Robinson and Mansfield (2009) . 
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2.5 Compressive Strength 
For the determination of compressive strength, a disc was created from 6 g of 
milled (0 . 85  mm) biomass under 1 600 N of force ( 5 s hold) using a Simplimet 2 
mounting press with a 30  mm die (Buehler, Lake Bluff, IL) . The resulting discs were 
approximately 30  mm in diameter and 1 0  mm thick. The disc was then placed on the 
short edge on a 60 mm platen mounted to a vertical wheel test stand (HV- 1 1 0; Imada, 
Inc. ,  Northbrook, IL) , and compressed with a DS2 digital force gauge (Imada, Inc.) until 
the disc failed. The peak force required to break the disc (compressive strength) was 
recorded from the digital force gauge. 
2. 6 Energy Content 
The energy content of biomass was assessed using a 6200 Isoperibol Calorimeter 
(Parr Instrument Company, Moline, IL) according to the manufacturer instructions (BS 
EN 149 1 8 :2009) . The higher heating value (HHV) was determined from 1 g of milled 
(0 . 85  mm) biomass. 
2. 7 Statistical Analyses 
All data were subjected to one-way ANOVA followed by Tukey' s  pairwise 
comparisons using Origin 8. 1 (OriginLab, Northampton, MA) . Means are reported with 
standard error of the mean. 
3. Results and Discussion 
The goal of this study was to explore the efficacy of using the fungus T 
versicolor as a benign biological pretreatment agent for hardwood destined for biofuel 
applications. While hardwood is an attractive lignocellulosic feedstock for biorefineries 
due to its year round availability and high energy density (Perlack et al . ,  2005), its 
commercial economic viability is hampered by its recalcitrant nature that limits usable 
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sugar extraction for bioethanol applications. In addition, pelleting biomass for efficient 
transportation often requires a binding agent (Kaliyan and Morey, 2009). Herein, the 
effects of fungal pretreatment on degradation of the lignocellulose structure of a 
hardwood mixture are explored, along with the resulting physicochemical parameters of 
pellet strength and energy content. 
3.1 Laboratory Scale 
Over a 1 2-week period, both 52J and m4D successfully grew on their hardwood 
substrate, but 52J appeared to grow more vigorously based on visual observations. The 
more vigorous growth of the wild-type strain (52J) was also seen by Dumonceaux et al . 
(200 1 )  when grown on birch wood, and Canam et al . (20 1 1 )  when grown on canola 
straw. Thus, the growth patterns of the fungal strains on a hardwood substrate were as 
expected. 
3.1.1 Cell Wall Chemistry 
Changes to lignin chemistry were examined through the use of thioacidolysis 
(Robinson and Mansfield, 2009), which is a routine method for examining the major 
components of lignin. Lignin can have three main monolignol precursors that are 
covalently bonded together, which include syringyl (S) units, guaiacyl (G) units, and p­
hydroxyphenyl (H) units (Figure 3 ) .  Typically, hardwood lignin is mainly comprised of S 
and G lignin units at varying ratios, with minor H unit content (Rodrigues et al . ,  1 999; 
Sarkanen, 1 97 1 ) . Therefore, hardwood lignin is usually examined in terms of their S and 
G lignin ratios, where ratios can vary among different species but usually result in greater 
S than G moieties (Sarkanen, 1 97 1 ) . 
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The analyses showed that all of the treatments led to a S/G ratio of approximately 
2 throughout the incubation time periods (Figure 4), which is the expected ratio for 
hardwoods as they have been noted to have about 60-70% S lignin and 40-30% G lignin 
(Sarkanen, 1 97 1 ) . However, as the incubation time increased, especially at 1 2  weeks, 
m4D had a significantly higher S/G ratio (2 .35  ± 0.03) than 52J ( 1 . 9 1  ± 0.02; P < 
0 .000 1 )  and the control (2. 1 4  ± 0 .03 ; P < 0.005) .  In contrast, 52J had a lower S/G ratio 
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Figure 4. S and G lignin ratios, after thioacidolysis, from hardwood that was 
untreated (light gray) or pretreated with T versicolor strain 52J (gray) or m4D 
(dark gray) at four time intervals. The G lignin was the average of all three G 
lignin subtypes : Gl, erythro-guaiacyl-CHR-CHR-CH2R; G2, threo-guaiacyl-
CHR-CHR-CH2R; G3 , guaiacyl-CH2-CHR-CHR2. The S lignin was an average 
o� all three S lignin subtypes : S 1 ,  erythro-syringyl-CHR-CHR-CH2R; S2, threo-
syringyl-CHR-CHR-CH2R; S3 ,  syringyl-CH2-CHR-CHR2. Letter differences 
indicate significant differences at the 95 % level using Tukey' s pairwise 
comparisons following one-way ANOV As of each treatment type within the 
specific week, where bars sharing at least one letter indicates no significant 
difference. Values are mean± SEM (n=4) . 
1 7  
than both the control and m4D (Figure 4). This suggests that both fungal strains modified 
the lignin components in the wood, and that each strain modified the lignin in different 
ways, where 52J resulted in more G lignin being released compared to S, and m4D 
resulted in a greater release of S lignin (Figure 4) . This decreased S lignin extraction from 
52J-treated material, noted by a lowered S/G ratio compared to control wood, was also 
seen by Canam et al (20 1 1 )  in canola straw. Furthermore, lignin content has been found 
to be inversely related to the S/G ratio, where a decrease in insoluble lignin content is 
associated with an increase in S/G ratios (Bose et al . ,  2009) . This was evident in our acid 
hydrolysis analysis of the treated wood samples, where m4D had significantly less 
insoluble lignin content (23 .7 ± 0.2 % dry mass) as the untreated (control) samples (24.9 
± 0.2 %; P<0.02; Figure 5) .  This suggests that the lignin was modified in wood treated 
with m4D, which in tum made it easier for the extraction of usable sugars. For example, 
Figure 6 shows that m4D had the highest glucose content (32 .6 ± 0.3 % dry mass) of the 
treatments, which indicates a higher extraction efficiency. Similarly, 52J-treated wood 
also had decreased insoluble lignin content compared to the control samples (P<0.00 1 ;  
Figure 5),  which could be attributed to the alteration of S lignin in the wood by the 
fungus. However, even though 52J has been shown to improve lignin 
extraction/degradation (Canam et al . ,  20 1 1 ) ,  its simultaneous catabolism of glucose 
prevented increased yields of the valuable sugar compared to m4D. This same trend was 
observed in the current study (Figure 6). Additionally, while m4D has been shown to 
decrease xylose yields in canola straw (Canam et al . 20 1 1 ),  our study showed the same 
xylose content across treatments, which could indicate that the fungi catabolize biomass 
substrates differently. 
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Figure 5. Insoluble lignin content, after acid hydrolysis, of hardwood that was 
untreated (control) or pretreated with T versicolor strain m4D or 52J for 1 2  
weeks. The letter differences indicate significant differences at the 9 5  % level 
using Tukey's pairwise comparisons following a one-way ANOV A, where bars 
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was untreated (control) or pretreated with T versicolor strain m4D or 521 for 1 2  
weeks. The letter differences indicate significant differences at the 9 5  % level 
using Tukey' s  pairwise comparisons following one-way ANOVAs of each sugar 
across treatments independently, where bars sharing at least one letter indicates 
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3.1.2 Physicochemical Properties 
The wood pellet industry has an annual production of more than 1 4  million tons 
(Biswas et al . ,  20 1 4) ,  and thus contributes significantly to the bioenergy industry. 
Typically the wood pellet market has been driven by heat and power production 
consumers (Goh et al . ,  20 1 3) ,  but due to a necessary need for small particle sizes in the 
bioethanol industry (Agbor et al . ,  20 1 1 ) ,  wood pellets could play an integral role in future 
biorefinery models. Therefore, the compressive strength of control and treated material 
was examined after they were formed into densified discs using a mounting press. Figure 
7 shows that pretreatment with 52J significantly increases the compressive strength of the 
pellet by almost five times ( 1 5 1 . 8 ± 7.2 N) compared to both the control (28 .2 ± 4.9 N; 
P<0.000 1 )  and m4D (43 .3  ± 3 . 8  N; P<0.000 1 ) .  Similar results have been observed with 
fungal-treated canola straw and Miscanthus pellets (T. Canam, unpublished) . While m4D 
significantly increased pellet strength compared to the control (P<0.002), the 
compressive strength was still much less than pellets from biomass treated with the wild­
type strain, 52J. In both treatments, the increase in pellet strength could be the result of 
the altered lignin moieties acting as a sort of binding agent during compression/ 
densification (Canam et al . ,  20 1 3b). The proposed binding properties of the altered lignin 
could be a result of solid bridge formation from lignin' s natural binding capabilities that 
helps to increase adhesive strength between molecules (Kaliyan and Morey, 2009) . It 
should be noted that due to differences in pelleting equipment, pellet size, temperature, 
and strength-testing equipment, it is difficult to make direct comparisons of this study to 
the current literature, which calls for further support in creating standardized methods to 
compare compressed biomass (Kaliyan and Morey, 2009; Thapa et al . ,  20 14) .  
21  
-
z -
.t::. -
Ol c: 
Q) 
,_ -
(/) 
Q) > 
'Vi 
rJ) Q) ..... 
c. 
E 
0 
(.) 
160 
140 
120 
100 
80 
60 
40 
20 
0 
Control 
B 
52J 
Treatment 
m4D 
Figure 7. Compressive strength ofhardwood that was untreated (control) or 
pretreated with T. versicolor strain m4D or 52J for 1 2  weeks. The letter 
differences indicate significant differences at the 95 % level using Tukey' s  
pairwise comparisons following a one-way ANOV A,  where bars sharing at least 
one letter indicates no significant difference. Values are mean± SEM (n= 1 6) .  
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Additionally, the energy content of the treated samples was examined to 
determine if catabolism by the fungi affected energy density. Figure 8 shows that 
treatment with either strain of fungi did not significantly affect the energy content of the 
wood. Therefore, 52J could be an optimal pretreatment organism for making economic 
and environmentally friendly pellets due to the fact that this strain does not affect energy 
density yet significantly increases pellet strength without the use of added expenses from 
heat and synthetic binders . 
3.2 Demonstration Scale 
The current study also examined the efficacy of using the wild-type strain, 52J, of 
T versicolor as a biological pretreatment for wood, at a demonstration scale using 1 50 L 
of biomass. The feasibility of using fungal pretreatment on a much larger commercial 
scale was examined by comparing bioenergy and physicochemical properties from the 
demonstration scale to the laboratory scale. The transgenic m4D strain was not used at 
the demonstration scale due to permit constraints from the United States Department of 
Agriculture 's Animal and Plant Health Inspection Service (USDA APHIS) .  
3.2.1 Cell Wall Chemistry 
When examining the effect of the fungal pretreatment on the lignin composition 
(S/G ratio) of the wood, the demonstration scale ( 1 .93 ± 0.03) was not significantly 
different compared to the laboratory scale ( 1 .9 1  ± 0.02; P>0.05),  and the control 
maintained a significantly higher S/G ratio (2 . 1 4  ± 0.03) than both the laboratory and 
demonstration scales (Figure 9). Additionally, the amount of insoluble lignin was not 
significantly different between the demonstration scale (23 .0 ± 0 .8  %) and laboratory 
scale (22 .9 ± 0.4 %; P>0.05) after acid hydrolysis (Figure 1 0) .  
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However, changes in how 521 catabolized the sugars in the wood were observed, 
where at the demonstration scale there was significantly less xylose ( 1 3 .0 ± 0 .6 %) than 
at the laboratory scale (26.4 ± 0 .7  %; P<0.000 1 ) , and compared to the untreated (control) 
samples (26 .9 ± 0 .3  %; P <0.000 1 ;  Figure 1 1  ). By comparison, the level of glucose 
remained the same across treatments despite the presence of the fungi (Figure 1 1 ) .  
Therefore, 521  may catabolize more xylose at larger scales due to the increased amount 
of fungal density. Also, the demonstration scale was not performed under completely 
sterile conditions, which means basal levels of additional microbial growth may have also 
affected the xylose levels. However, most bioethanol processes rely on the use of glucose 
as the major fermenting sugar source (Wan and Li, 20 12 ;  Canam et al . ,  20 1 3b), making 
this kind of pretreatment a viable option for bioethanol production. 
3.2.2 Physicochemical Properties 
Despite wood treated with 521 retaining the same lignin altering and glucose 
catabolizing properties at the demonstration scale, the same pellet strength was not 
observed. Figure 1 2  shows that at the demonstration scale, the strength of 521 pretreated 
wood pellets (29 . 1  ± 2.2 N) were not significantly different from the untreated (control) 
pellets (28 .2 ± 2 .7  N; P>0.05) ,  and that the treated laboratory scale pellets had 
significantly higher compressive strength ( 1 5 1 . 8 ± 3 .7 N; P<0.000 1) .  Therefore, when 
scaling up, there was a loss of T. versicolor 's ability to strengthen wood pellets, which 
may mean that altered lignin moieties do not have an effect on pellet strength, and that 
some other unknown factor may contribute to the pellets strength in the laboratory scale. 
One of these factors may be differences in moisture content, which was previously found 
to be a significant factor in pellet durability (Goh et al . ,  20 1 3 ,  20 13 ;  Lam et al . ,  20 1 3) .  
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Nevertheless, the energy content of the 52J-pretreated wood at the demonstration scale 
was retained compared to the laboratory scale (Figure 1 3), suggesting that pretreatment at 
this larger scale may still be beneficial for some biofuel processes when considering the 
increased lignin extractability. 
4. Conclusions 
White-rot fungi have been examined previously as benign, environmentally­
:friendly pretreatment agents that are also inexpensive at treating a variety of biomass 
substrates, such as wood, wheat straw, canola straw, rice straw, switchgrass, and com 
stover (Anderson and Akin, 2008 ;  Canam et al . ,  20 1 1 ;  Itoh et al . ,  2003 ; Patel et al . ,  2007; 
Talebnia et al . ,  20 1 0 ; Wan and Li, 20 1 0) .  The current study demonstrated that the wild­
type (52J) and CDH-deficient strain (m4D) of the white-rot fungi T versicolor can be 
viable pretreatment organisms for hardwood mixtures . Pretreatment with the mutant 
strain showed altered lignin structure and improved sugar yields, while the wild-type 
strain led to substantially increased pellet strength at the laboratory scale without 
impeding on the overall energy content of the pellets . However, when examining the 
demonstration scale pretreatment with the wild-type strain on the hardwood mixture, a 
loss of pellet strength was observed, despite similar lignin extraction characteristics, 
glucose catabolism, and energy content, when compared to the laboratory scale. 
Therefore, further research will need to be conducted at the laboratory and demonstration 
scales to investigate how this fungus alters the structure of lignocellulose at the 
biochemical level (e.g. ,  transcriptomic analysis), and how fungal pretreatment may affect 
other biofuel technologies, such as biomass gasification. 
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